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in plants it is mostly bound to phytate [3, 4] . In mineral ingredients, it may be found in the ferrous or ferric forms [5] . Heme Fe has a preferred absorption pathway over inorganic Fe, and therefore, animal by-products that contain muscle tissue and blood have higher availability for poultry [6] .
Supplementation of breeder hen diets with Fe is usually done by adding ferrous sulfate (Fe-S) [1] . Microminerals complexed to amino acids (AA) are now commercially available; however, research evaluating impacts of supplementing Fe-amino acid complex (Fe-AA) for broiler breeders on the resulting progeny has not been conducted [7] . Absorption of ferric and ferrous Fe forms has been demonstrated in humans following different pathways, but without a clear indication of dominance between these 2 forms [8] . Similar mechanisms are expected in broiler chickens; however, studies demonstrating this correspondence have not yet been conducted. It has been suggested in humans that AA chelated Fe is more efficient in alleviating its deficiency [9, 10] .
Three stages are recognized in the mechanism of Fe absorption in the duodenum and jejunum: passage through the brush border, transit or storage in the mucosal cells, and release into the blood [11] . Absorption of Fe is associated with receptors on the surface of enterocytes. For instance, a heme carrier protein 1 (HCP1) is responsible for the intestinal absorption of heme Fe [12] , whereas the divalent metal transporter 1 (DMT1) can take inorganic Fe +2 and release it directly into the cytoplasm. Expression of DMT1 is increased when body levels of Fe are low [13] [14] [15] . The absorption of Fe-AA complex is based on the principle that this compound can be internalized as an AA and then hydrolyzed, releasing the Fe ion [16] . On the other hand, Fe dissociated from the AA complex before absorption follows through the inorganic pathway [9] . At least theoretically, in order to benefit from the proposed facilitated mechanism, Fe chelated with AA should be stable to pass through the stomach and duodenum, not reacting with other compounds. Once inorganic and organic Fe are taken into the the enterocyte and released, they become part of the same pool [6, 16] . Benefits of feeding Fe chelated to AA have been shown to increase deposition of Fe in broiler meat and eggs [5, 17, 18] .
Eggshell color is genetically related being dependent on the deposition of protoporphyrin-IX, a precursor of shell pigment that contains Fe [19] . A positive relationship between Fe and protoporphyrin-IX was previously reported, with darker eggshells being found in eggs laid by hens fed supplemental Fe-AA [5] . Darker eggs have been positively related to increased breaking resistance and specific gravity [20, 21] , but effects on hatchability have not been evaluated.
The objective of the present study was to evaluate the effects of dietary Fe, from Fe-S or Fe-AA, fed to broiler breeder hens. Evaluation was performed in egg production from 40 to 67 wk and extended to the differences in eggshell color and hatching chick hematological status and male progeny performance from 1 to 35 d.
MATERIALS AND METHODS

Husbandry of Breeders
All procedures utilized in the present study were approved by the Ethics and Research Committee of the Federal University of Rio Grande do Sul, Porto Alegre, RS, Brazil.
A total of 640 Cobb 500 broiler breeder hens and 64 Cobb broiler breeder males were obtained from a commercial farm [22] at 40 wk of age. Hens were weighed and placed in 32 floor pens (2.0 × 2.5 m) with 20 females and 2 males per pen until the end of the experiment at 67 wk. Experimental pens had male and female tubular feeders and 6 nests. Water was provided ad libitum using 5 stainless steel nipple drinkers. Litter had new rice hulls with 20 cm deep at placement. Light and feed restriction programs used during the study followed the Cobb-Vantress [23] recommendations.
All birds were individually weighed every 4 wk to maintain BW and uniformity within expected parameters. A total of 44 males were maintained in separate pens to replace sexually inactive or dead males to maintain fertility. The same amount of feed was daily provided for all dietary treatment groups on a per-bird basis. Analysis of Fe in drinking water was done using atomic absorption [24] .
Experimental Diets
All ingredients utilized during the study were from the same batch and remained under appropriate storage conditions until experimental diets were mixed. Hens and males were fed corn-soywheat bran mash diet that met all nutritional recommendations [23] 
Hen Performance Measurements
Hen performance was evaluated in 7 periods of 4 wk each from 40 to 67 wk of age. Eggs were collected 4 times daily and classified as hatchable or not (i.e., broken, cracked, or deformed). Additionally, all hatchable eggs produced in the last 3 d of each period were separated for weighing and specific gravity evaluation. Specific gravity was conducted using saline solutions with concentrations ranging from 1.065 to 1.095 g/cm 3 in intervals of 0.005 units. All hatchable eggs produced in the last day of each period were used to determine eggshell color as well as yolk, albumen, and eggshell individual weights and heights. Heights of egg parts were obtained using a digital pachymeter [26] placed on a plane glass surface, whereas color measurements (lightness-L * , rednessa * , and yellowness-b * ) were determined at the surface of egg yolk using a colorimeter [27] .
Hatchable eggs from hens at 65 wk were pooled by dietary treatment and eggshell color (n = 3,600). Separation of eggs by shell color (Pale or Dark) was done visually at first in 2 groups as they differed in paleness. Eggs within each group were individually scanned with the colorimeter after discharging eggs with defects. The L * , a * , and b * values of pale eggs were 82.4 ± 8.9, 2.1 ± 0.3, and 20.9 ± 6.1, respectively, whereas dark eggshells values were 58.2 ± 5.2, 11.5 ± 0.2, and 25.1 ± 2.1, respectively. Eggs were arranged in a 3 × 2 factorial of 3 diets fed to breeder hens and 2 eggshell colors. Eggs from each treatment were labeled and randomly placed in incubator trays such that eggs from each treatment were equally represented per incubator floor. A single-stage incubator [28] was used and set at 37.5
• C and 65% relative humidity through 18 d when eggs were transferred to a hatcher set at 36.5
• C and 80% relative humidity.
Hatchability of fertile eggs was expressed as the number of hatching chicks per fertile eggs set, and percentage of cumulative hatchability was expressed as percentage of hatching chicks of total eggs set. Hatching chicks from hens at 65 wk were sexed and 100 chicks per treatment (n = 600) were used to evaluate hematocrit (Ht) and hemoglobin (Hb). Hatching chick blood evaluation was done using blood samples (0.5 mL) that were collected from the brachial vein into tubes containing EDTA. Hemoglobin concentration was determined using the cyanmethemoglobin method [29] , and Ht was evaluated by centrifuging the blood in microcapillaries for 5 min at 15,650 × g.
Progeny Performance Trial
A total of 1,200 1-day-old, slow-feathering Cobb × Cobb 500 male broiler chicks vaccinated for Marek's disease at the hatchery were placed into 48 floor pens (1.65 × 1.65 m; 9.2 birds/m 2 ; 25 birds per pen) according to hen treatments. Bedding material was rice hulls, and pens were equipped with a 15 kg capacity tube feeder and 3 nipple drinkers. Average temperature was 32
• C at placement being reduced by 1
• C every 2 d until 23
• C to provide comfort throughout the study with the use of thermostatically controlled heaters, fans, and foggers. Lighting was continuous until 7 d of age, with a 14L:10D cycle used afterwards. Birds had ad libitum access to water and mash feeds. A 3 × 2 factorial arrangement of 3 breeder hens dietary Fe and 2 eggshell colors was used following the description for hatchability procedures above.
A standard corn-soybean meal broiler diet was formulated to contain typical Brazilian industry nutrient levels ( Table 2) . Chicks were individually weighed into groups of 25 birds per pen before placement according to At 35 d, 6 birds were randomly taken from each pen (n = 288) and processed for carcass and commercial cuts evaluation. Prior to processing, broilers were fasted for 8 h and then individually weighed. Birds were rendered insensible using electrical stunning (45 V for 3 s), then bled through a jugular vein cut for 3 min, scalded at 60
• C for 45 s, and lastly defeathered. Evisceration was manually performed and carcasses were statically chilled in ice for approximately 3 h. Eviscerated carcasses (without feet and neck) were hung for 3 min to remove excess water and then weighed. Commercial cuts were performed by a crew of industry-trained personnel into bone-in drumsticks, thighs, wings, as well as deboned breast fillets and tenders. Abdominal fat was weighed separately. Carcass yield was expressed relative to live weight, while commercial cuts and abdominal fat were expressed as percentage of the eviscerated carcass.
Statistical Analysis
All data were analyzed for normality and homoscedacity [30] prior to statistical analysis. Data were submitted to ANOVA using the MIXED or GLM procedures [31] . Data with period effects were used as main factors with MIXED procedure and the REPEATED statement included in the statistical model. The main effect of dietary Fe was considered in the model for broiler breeder performance, whereas the main effects of dietary Fe, eggshell color, and their interaction were considered in the model for progeny performance. Means were separated by the Tukey test when a significant effect of Fe was found by ANOVA [32] . Proportion data were converted using the arc sin transformation [33] ; however, values presented in tables are the actual means. Significant differences were accepted at 5%. 
RESULTS AND DISCUSSION
Analyses of CP, calcium (Ca), phosphorus (P), and Fe of the feeds provided to breeder hens were conducted in duplicate on samples from the 6 batches used throughout the study (Table 1) . Values were considered adequate since they were within the expected formulated range. Average duplicate analyzed Fe in water was <0.03 ppm and, therefore, it was not considered a significant source of dietary Fe.
Interaction between period and dietary Fe was not observed. Therefore, cumulative results are presented. Broiler breeder hens fed diets with different sources of Fe had no different egg production (P > 0.05) within the expected range for the genetic line. Average egg weight (71.5 g) and yolk, albumen, and eggshell as a proportion of the whole egg were also not affected by dietary Fe (averaging 30.5%, 56.6%, and 8.8%, respectively). Eggshell thickness (378.5 μm) and specific gravity (1.085 g/mL) were not different (P > 0.05) among dietary Fe and according to eggshell colors.
The existing nutrient requirements, recommendations, and guideline tables have variable recommendations for Fe as a dietary supplement.
Depending on bird age and responses measured, dietary recommendations for Fe supplementation vary from 20 to 100 ppm with limited information regarding availability differences for Fe between sources [22, [34] [35] [36] [37] . The main objective of the present investigation was to compare the effects of using Fe-S or a Fe-AA complex chelate supplemented in breeder hen diets, which traditionally do not use animal protein. In parallel, it was intended to investigate the effects of eggs varying in shell color on the performance of progeny.
Investigations reported in the literature on the relationship between dietary Fe and its influence on Fe yolk deposition are few. In the present study, egg and eggshell quality were not influenced by dietary sources of Fe. An adequate supply of Fe through the yolk is relevant to sustain early growth of hatching chicks since yolk constitutes the largest single deposit of the majority of essential microminerals in the egg; therefore, this is a mineral with relevant functions when maternally transferred [38] .
Results of fertility, hatching eggs, and hatchability of broiler breeder hens fed different Fe sources and according to the eggshell color are presented in Table 3 . Number of eggs, fertility, hatching eggs per housed hen, and hatchability were not different between pale and dark eggs. Hatchability was not affected (P > 0.05) by dietary Fe; however, fertility and hatching eggs per housed hen were higher (P < 0.05) when breeder hens were fed Fe-AA compared to birds fed the Fe-S diet. The improvements on fertility and hatching eggs using Fe-AA were 6.3 and 10.3%, respectively. Values for Ht and Hb are presented in Table 4 . These were not affected (P > 0.05) by dietary Fe or eggshell color and indicate that the progeny had similar physiological blood status independent of the dietary Fe provided to hens and between pale and dark eggs origin. Previous research has demonstrated that Fe yolk can be increased when diets were supplemented with Fe. Bess et al. [18] observed that breeder hens fed diets supplemented with 60 ppm of Fe from Fe-S or Fe-AA from 26 to 34 wk had increases in egg yolk Fe. Taschetto et al. [39] also demonstrated that yolk Fe concentration increased when breeder hens were fed total Fe from Fe-S at 93.2 ppm from 47 to 70 wk. A positive correlation between Ht and supplemented Fe was observed by Taschetto et al. [39] using 6 increasing levels of Fe from 0 to 125 ppm, added to a basal diet having 24.6 ppm of Fe, in breeder hens from 47 to 70 wk. Taschetto et al. [39] observed an average of all requirement obtained using 106 ppm Fe, confirming that adequate Fe levels are needed to maintain hen breeder egg production, yolk Fe content, and the corresponding hatching chick hematological parameters.
Increased Ht and Hb in hatching chicks is expected to provide benefits when placing chicks under environmental conditions at suboptimal oxygen concentrations. In the present study, no effects were observed on chicks Ht and Hb with the supplemented Fe levels. However, the dietary Fe levels were lower than levels used in the Fe requirement research previously conducted [39] .
The effects of dietary Fe sources and eggshell color of breeder hens on progeny growth performance are presented in Table 5 . There were no effects of treatment on broiler mortality (overall mean = 0.54%). No differences (P > 0.05) were observed on birds' performance at the first week. However, birds from hens fed the Fe-AA diet had higher BWG (P < 0.05) when compared to the Fe-S diet from 7 to 21 d and 22 to 35 d. Broilers from hens fed the Fe-S + Fe-AA diet had higher (P < 0.05) BWG from 7 to 21 d when compared to the Fe-S diet. Additionally, from 1 to 35 d, birds from hens fed Fe-AA diets had the highest BWG (P < 0.05). In parallel, broilers from hens fed the Fe-S + Fe-AA diet had higher BWG (P < 0.05) than broilers fed the Fe-S diet. There were no effects (P > 0.05) of hens' dietary Fe on FCR of broilers per phase or from 1 to 35 d. Considering the effect of eggshell color on broilers' performance, chicks from dark eggs had higher BWG (P < 0.05) at 6 d and from 1 to 35 d compared to birds from pale eggs.
Abdominal fat, carcass, and commercial cuts yield were evaluated at 35 d (Tables 6 and 7 ). In general, carcass and commercial cut yields and weights were not different among dietary Fe and between eggshell colors. The exception was the breast tenders yield, where birds from hens fed the Fe-AA diet had higher breast yield (P < 0.05) compared to broilers from hens fed Fe-S and Fe-S + Fe-AA. The weight of breast fillets and tenders was also higher in broilers fed the Fe-AA diet compared to Fe-S. Abdominal fat yield and weight were also affected by dietary Fe and birds in eggshell color have been reported in the literature, and they were influenced by season [40] , stress [41] , and nutrition [5, 20] . The study by Shafey et al. [42] compared pigmented and non-pigmented eggshells and found that pigmentation influenced the spectral transmittance of light into the egg. These authors showed that high intensity of light during incubation reduced hatchability of light and medium brown eggs, but not of the darker brown eggs. Dark brown eggs were also positively related to greater eggshell breaking strenght, thickness, and specific gravity [19, 20] . However, to the authors' knowledge, estimations of the effects of dietary Fe and eggshell colors on progeny performance of broiler breeder hens have not been published. 
CONCLUSIONS AND APPLICATIONS
